Drosophila Rolling pebbles A Multidomain Protein Required for Myoblast Fusion that Recruits D-Titin in Response to the Myoblast Attractant Dumbfounded by Menon, Sree Devi & Chia, William
Developmental Cell, Vol. 1, 691–703, November, 2001, Copyright 2001 by Cell Press
Drosophila Rolling pebbles: A Multidomain Protein
Required for Myoblast Fusion that Recruits D-Titin
in Response to the Myoblast Attractant Dumbfounded
cues expressed by the founder nucleus are imparted to
the newly recruited nuclei within the syncytium, entrain-
ing them toward a similar differentiation program. In this
way, the founders act as seeds for the fusion process
and at the same time, gate myogenesis (Baylies et al.,
Sree Devi Menon and William Chia1,2
Institute of Molecular and Cell Biology
Singapore 117609
1998).Summary
In vertebrates, the early myoblasts fuse to generate
primary myotubes that span the tendons from end toThe fusion of myoblasts leading to the formation of
end. Elaboration on this initial pattern creates a greatermyotubes is an integral part of skeletal myogenesis
level of complexity during secondary myogenesis. Fu-in many organisms. In Drosophila, specialized founder
sion during secondary myotube formation is innervationmyoblasts initiate fusion through expression of the
dependent, and secondary myotubes are thus restrictedreceptor-like attractant Dumbfounded (Duf), which
to sites where primary myotubes become innervatedbrings them into close contact with other myoblasts.
(Duxson et al., 1989). Fusion at this time occurs firstHere, we identify Rols7, a gene expressed in founders,
between two secondary myoblasts located at the end-as an essential component for fusion during myotube
plate and subsequently between the binucleated myo-formation. During fusion, Rols7 localizes in a Duf-
tube and other myoblasts.dependent manner at membrane sites that contact
The syncytial nature of somatic and skeletal musclesother myoblasts. These sites are also enriched with
leads one to question whether the processes that con-D-Titin, which functions to maintain myotube structure
trol muscle size might be analogous in the two systems.and morphology. When Rols7 is absent or its localiza-
In both cases, the morphological events leading to fu-tion is perturbed, the enrichment of D-Titin fails to
sion and size increase appear similar: the myoblastsoccur. Rols7 integrates the initial event of myoblast
come together to form aggregates and align themselvesattraction with the downstream event of myotube
against one another, and the apposed membranes even-structural organization by linking Duf to D-Titin.
tually break down to give cytoplasmic continuity (Dob-
erstein et al., 1997). Furthermore, ultrastructural analy-Introduction
ses reveal the accumulation of electron-dense materials,
possibly components of the fusion machinery, alongThe somatic muscles of Drosophila larva form a complex
both sides of the closely apposed membranes. In Dro-pattern along the body wall (reviewed in Baylies et al.,
sophila, the inherent directionality of the fusion process1998; Frasch, 1999). Like the skeletal muscles in verte-
would suggest that at least some of the molecules medi-brates, each muscle here exhibits a unique identity by
ating fusion must be differentially distributed betweenhaving a defined size, specific orientation, distinct sites
the founders and their fusion-competent partners. Whileof attachment, and points at which innervation occurs.
many molecules involved in fusion such as D-TitinTo understand the fundamental processes defining
(Zhang et al., 2000; Machado and Andrew, 2000),muscle size and spatial organization, Drosophila offers a
D-MEF2 (Bour et al., 1995; Lilly et al., 1995), Myoblast-relatively simple musculature that can serve as a model.
city (Mbc/DOCK 180; Erickson et al., 1997), and BlownIn Drosophila, muscle patterning is controlled by a
fuse (Blow; Doberstein et al., 1997) are found in all myo-specialized class of myoblasts, the founders. Through
blasts, only Duf (Ruiz-Gomez et al., 2000) and Sticks-the influence of various positional cues, clusters of cells
and-Stones (SNS; Bour et al., 2000) are presently knownexpressing lethal-of-scute (l’sc) emerge at specific loca-
to show a polarized distribution between the two myo-tions in the mesoderm. From each cluster, a single pro-
blast populations—Duf is restricted to the founders,genitor cell is selected through Notch (N)-mediated lat-
while SNS is found only in the fcm (also reviewed ineral inhibition, and the progenitor divides once to
Frasch and Leptin, 2000; Taylor, 2000). Both moleculesgenerate sibling founders. Each founder subsequently
appear to encode transmembrane receptors bearing im-expresses a unique combination of transcription factors
munoglobulin (Ig) repeats in their putative extracellularthat confer muscle identity. The myoblasts that lose l’sc
domains. In the absence of Duf, the two types of myo-expression fail to express identity genes and therefore
blasts fail to aggregate, and remain at different levelsdo not participate in specifying muscle identity. Never-
within the mesoderm. Conversely, ectopic expressiontheless, these cells play a crucial role later during
of Duf in the ectoderm results in the migration of myo-myoblast fusion. As fusion does not occur between
blasts to these sites. This clearly demonstrates that Duffounders or between the other myoblasts (the fusion-
is a myoblast attractant, drawing the fcm toward thecompetent myoblasts; fcm), the final size of a muscle
founders in the earliest step of the fusion process. Theas defined by the founder is acquired through fusion
distribution of SNS and the precedence for heterophilicbetween a founder and the fcm. During fusion, identity
interactions between Ig domain-containing molecules
(Rutishauser, 2000) has led to the speculation that SNS1Correspondence: william.chia@kcl.ac.uk
may be the ligand for Duf (Frasch and Leptin, 2000).2 Present address: Centre for Developmental Neurobiology, King’s
Consistent with this, sns embryos show rounded fcmCollege London, Fourth Floor New Hunts House, Guy’s Hospital,
London SE1 1UL, UK. that do not attach tightly to founders (Bour et al., 2000;
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Paululat et al., 1995). Shortly after fusion starts, the na- shows a similar phenotype (Figure 1B). No other gene
known to be essential for myoblast fusion maps to thisscent myotube initiates synthesis of contractile proteins
such as myosin. D-Titin plays a second role during sar- cytogenetic location (Paululat et al., 1999), and we
named this mutation rols, as many myoblasts remaincomere formation. In its absence, sarcomere formation
does not occur and the striated pattern of muscles is unfused.
To explore whether the fusion defect seen in rols mightabolished (Zhang et al., 2000; Machado and Andrew,
2000). arise as a result of a defect in founder specification, we
created a fly strain in which the enhancer trap rP298-While founder-like myoblasts are not known to exist
in the vertebrate, myoblast fusion during secondary my- lacZ (where -galactosidase marks all founders of the
embryonic musculature; Nose et al., 1998) is expressedogenesis is clearly a directional event. As directionality
in the fusion process may be a general requirement for in Df(3L)BK9. Staining of embryos against muscle myo-
sin heavy chain (MHC) and -galactosidase revealed themyotube formation and a means to regulate the position,
number, and/or size of muscles, it is important to identify presence of founders at about stage 11, and by stage
13, when fusion is underway in wild-type (wt) embryos,the molecules that mark the two distinct populations of
myoblasts. In vertebrates, the myoblasts express Titin, mutant embryos show fcm clustering around the found-
ers and extending filopodia toward them, indicating thatthe ortholog of D-Titin, and it appears to be one of the
earliest components of the sarcomere to be found in the founders retain the ability to attract other myoblasts
(Figure 1C). While some founders undergo an initialprefusion myoblasts (van der Ven and Furst, 1997; Colley
et al., 1990). While its presence within the sarcomere and round of fusion to generate small syncytia (referred to
as myotube precursors), others do not fuse. By stageits ability to bind a variety of sarcomeric components
implicate Titin as a key regulator in sarcomere assembly 15, the fcm cease to extend filopodia toward the found-
ers and precursors, and are eventually removed by mac-(reviewed in Trinick and Tskhovrebova, 1999; Gregorio
et al., 1999), it is not known whether its early expression rophages. Like other fusion mutants where founders are
correctly specified (Rushton et al., 1995), the unfusedin myoblasts is essential for proper fusion and the gener-
ation of myotubes with a normal morphology, as has founders and precursors here differentiate and attach
to the epidermis at respective muscle-forming positionsbeen shown for D-Titin (Zhang et al., 2000; Machado
and Andrew, 2000). as miniature muscle fibers (compare Figure 1A with 1B;
equivalent muscles indicated by identical symbols inIn this paper, we describe the identification of a gene
that is essential for fusion during myotube development the two panels). Quantification of Even-skipped (Eve)-
expressing nuclei (Carmena et al., 1998) shows thatin Drosophila. On the basis of its loss-of-function pheno-
type, we have named it rolling pebbles (rols). One prod- while a wt DA1 myotube comprises an average of 15
nuclei at stage 15 (n  70), its equivalent in embryosuct encoded by rols, Rols7, is restricted in expression
to founder myoblasts through N-mediated lateral inhibi- homozygous for Df(3L)BK9, the insertions P2041,
P1729, or an imprecise excision allele of P1729tion. During fusion, Rols7 localizes at discrete sites
along the membrane in a Duf-dependent manner but (P1729ex18) comprise 2 (n  108), 3 (n  98), 4 (n 
125), or 5 (n  102) nuclei, respectively. In Df(3L)BK9does not require SNS, D-MEF2, Mbc, or Blow for local-
ization. In addition to Rols7, these sites are enriched embryos, 34% of the DA1 muscle founders remain
unfused while the rest form bi- (53%) and trinucleatedwith D-Titin, and during fusion, these regions of the
membrane come into contact with the fcm. In the ab- (13%) precursors at stage 15. We conclude that found-
ers are correctly specified and that rols is essential forsence of Rols7 or Duf (when Rols7 fails to become mem-
brane localized), D-Titin is no longer enriched along the myotube development at a step after myoblast at-
traction.membrane and myotube formation is perturbed. This
demonstrates a cascade of events operating within the
founder that leads to the formation of specialized sites
along the membrane for fusion and normal myotube Molecular Identification of rols
Using genomic DNA obtained from plasmid rescue ex-development.
periments as probes, we isolated two overlapping geno-
mic DNA clones which encompass all three P element
insertion points, and then evaluated DNA fragmentsResults
flanking either side of the insertions sites for transcribed
regions using Northern blots. A single 7 kb transcriptrols Is Essential for Fusion
during Myotube Development was identified using genomic DNA flanking one side of
the closely linked P2041and Pj2A6 insertions while aThe rols locus was identified during a screen for defects
in embryonic muscle patterning in a collection of P ele- different transcript 6 kb in length was detected using
the adjacent fragment.ment-induced mutations. Animals homozygous for the
insertions P2041, Pj2A6, or P1729 show reduced myo- These DNA fragments were used as probes to obtain
multiple cDNA clones corresponding specifically to ei-blast fusion during the development of somatic and pha-
ryngeal muscles and small gaps in the visceral meso- ther one of the two transcripts. Sequence comparison
revealed that the two transcripts are closely related,derm, and die late in embryogenesis. Precise excision of
the transposons restored myoblast fusion and viability having several exons in common, but differ at the N
termini (Figures 2A and 2B). In addition, the larger tran-(data not shown). The three insertions map to band 68F1
and form a single complementation group, and the script has a unique intermediate exon (exon 6). The full-
length cDNA sequences were then assembled fromsmallest deficiency uncovering this region, Df(3L)BK9,
Rols Is Essential for Myotube Formation
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Figure 1. rols Is Essential for Myoblast Fusion
(A–C) Loss of rols disrupts myoblast fusion. Wt embryo (A). Df(3L)BK9 embryo carrying the rP298-lacZ enhancer trap (B and C). Embryos
were stained against MHC alone ([A]; brown cytosolic stain) or against MHC (brown) and -galactosidase ([B and C]; black nuclear stain) to
reveal position of founders and precursors in relation to overall muscle patterning.
(A) At stage 16, wt embryos have robust MHC-expressing muscles.
(B) At stage 16, Df(3L)BK9 embryos show pools of unfused MHC-expressing fcm (brown stain only, indicated by asterisks) and MHC-expressing
founders and precursors (brown and black stain), which differentiate into miniature muscles at positions corresponding to mature muscles
in the wt embryo (equivalent muscles indicated by identical arrows or arrowheads in [A] and [B]). Unfilled arrowheads indicate bi- or trinucleated
precursors.
(C) A stage 13 Df(3L)BK9 embryo showing MHC-expressing fcm clustering around founders and extending filopodia toward them (arrowheads).
They are absent from areas devoid of founder cells (asterisks).
(D–F) Reintroduction of rols7 in muscle founders rescues fusion defect. Wt (D), Df(3L)BK9 (E), and rP298-GAL4/UAS-rols7;Df(3L)BK9 (F)
embryos at stage 16 stained with anti-MHC. Insets show DA1 muscles stained with anti-MHC (brown cytosolic stain) and anti-Eve (black
nuclear stain). Muscles in the rescued embryo acquire wt sizes and contain an equivalent number of nuclei.
these clones and sequences were also verified by ob- Freemont, 2000; Joazeiro and Weissman, 2000). At its
C terminus, there are nine contiguous ankyrin repeatstaining intact full-length cDNAs as RACE products. We
named the two alternatively spliced transcripts rols7 followed closely by three tetratricopeptide repeats (TPR)
and a coiled-coil domain that overlaps with the last TPRand rols6 on the basis of their respective sizes. No other
transcript was detected in this region. repeat. All three motifs are known to mediate protein-
protein interactions (Sedgwick and Smerdon, 1999;
Blatch and Lassle, 1999; Lupas, 1996). With the excep-The Structure of rols Proteins
Conceptual translation of rols7 cDNA revealed a single tion of the lipolytic motif, all motifs are encoded for
within the predicted ORF of the rols6 cDNA (Figures 2Bopen reading frame (ORF) which encodes a molecule
with several interesting features (Figures 2B and 2C). and 2C).
First, Rols7 carries the signature sequence of a subfam-
ily of lipolytic enzymes (Upton and Buckley, 1995). This Expression Pattern of rols7 Transcript Correlates
with the Mutant Phenotypesequence, which contains the invariant nucleophilic ser-
ine essential for enzymatic catalysis, is also conserved The embryonic expression of the rols transcripts was
analyzed using antisense RNA directed against thein its relative position within the molecule, being always
located near the N terminus. The other regions that are N-terminal exons unique to either rols7 or rols6. Tran-
scripts corresponding specifically to rols7 were first ob-conserved among many subfamily members are missing
in Rols7, which raises the possibility that Rols7 may served at about stage 11 in clusters of mesodermal
cells, and this pattern quickly resolves into expressionrepresent a divergent member of this lipolytic enzyme
subfamily. There is also a highly conserved and special- in single cells (Figures 3A and 3B). By virtue of their
position within the mesoderm, we conclude that theseized zinc finger, known as the RING finger (reviewed in
Figure 2. Molecular Characterization of rols
(A) Molecular map of rols. Coordinate 0 refers to the P element insertion point in P2041, symbolized by the triangle, and Pj2A6 insertion maps
0.6 kb away. The striped box marks the 6 kb genomic DNA flanking one side of the P2041/Pj2A6 insertion site that detects rols7 on Northern
blots. The open box denotes the adjacent 4 kb genomic DNA that identifies the rols6 transcript. Exons of the two transcripts are indicated
by boxes below the coordinates, with ORFs shown as filled boxes. All three P elements insert within rols introns.
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Figure 3. Embryonic Expression Pattern of
rols Transcripts
(A–E and G) RNA in situ hybridization in wt
embryos using rols7-specific antisense RNA.
(A) At stage 11, rols7 accumulates in the pha-
ryngeal (ph), visceral (v), and somatic (s)
mesoderm.
(B) An enlargement showing expression in
presumptive progenitors (p) and founders (f)
of the somatic mesoderm at stage 11.
(C) At stage 12, transcripts are present in all
fusing myotubes (s; in foreground) and vis-
ceral muscles (v; in background).
(D) Enlargement of boxed area in (C) showing
a nascent myotube comprising about four nu-
clei (arrow and arrowheads) with a higher
level of expression around one nucleus
(arrow), likely to be from the founder cell.
(E) At stage 13, the fusing myotubes (s and
ph) express rols7, but levels in the visceral
mesoderm have declined.
(G) By stage 15, rols7 is no longer detectable.
(F and H) RNA in situ hybridization in wt em-
bryos using rols6-specific antisense RNA.
(F) At stage 13, rols6 is in the mid- and hindgut
endoderm (m and h), pharynx (ph), posterior
spiracles (sp), and the anal pad (a).
(H) At stage 16, expression persists in some
of these tissues.
(I and J) Detection of both rols transcripts in
P2041 mutants using antisense RNA made
against the shared C-terminal exons.
(I) A stage 11 mutant showing reduced rols7
expression in the mesoderm.
(J) By stage 13, rols7 expression is undetect-
able, whereas rols6 expression remains unaf-
fected.
cells are the progenitors of the somatic, pharyngeal, the somatic or visceral mesoderm. Expression is initi-
ated relatively later at stage 13 in epithelial and endoder-and visceral musculature, with the smaller cells in the
somatic mesoderm, often seen in pairs, being sibling mal tissues and the pharynx, and persists until the end
of embryogenesis (Figures 3F and 3H). Hence, the twofounders arising from the division of progenitors (Figure
3B). The expression of rols7 in the somatic and pharyn- rols transcripts show distinct temporal and spatial ex-
pression patterns.geal mesoderm closely follows the fusion profile, ap-
pearing first in the presumptive progenitors and found- We analyzed the expression of both rols transcripts
in P2041 mutant embryos using antisense RNA madeers and then in fusing myotubes (Figures 3A–3E). In very
young myotubes, rols7 RNA can be seen at higher levels against the C-terminal exons of rols7, most of which are
also present in rols6. The level of rols7 RNA is signifi-in one nucleus, likely to be that from the founder cell
(Figure 3D). Expression rapidly declines by about stage cantly reduced at stage 11 (compare Figure 3I with 3A).
By stage 13, rols7 transcripts become undetectable in15 as fusion comes to completion, and by stage 16,
rols7 expression is completely lost (Figure 3G). In the the mesoderm (compare Figure 3J with 3E), whereas
the expression of rols6 is unaffected by the P elementvisceral mesoderm, rols7 expression is maintained until
about stage 12 (Figures 3A and 3C) and then disappears insertion (compare Figure 3J with 3F). The markedly
reduced rols7 expression in the mutant, taken together(Figures 3E and 3G).
In contrast, rols6 transcripts were never observed in with the expression of rols7 in tissues that manifest the
(B) Primary structure of Rols proteins. The6.3 kb long rols7 cDNA encodes a single ORF, with the largest possible ORF spanning nucleotides
310–6012 in the contig. The 5.3 kb long rols6 cDNA also carries a single ORF with the largest possible frame covering positions 120–4829
in the contig. Upstream of the start site for each transcript are multiple stop codons in all three reading frames. The rols7 protein is predicted
to be 205 kDa, comprising 1900 amino acids while the putative rols6 protein is 169 kDa and 1569 amino acids long. Panels i and ii show the
divergent N terminus of Rols7 and Rols6, respectively. Panel iii shows the rest of Rols7. These residues are present in Rols6, with the exception
of the underlined residues corresponding to exon 6 of the rols7 cDNA. Both putative proteins carry the RING finger (orange residues), ankyrin
repeats (blue), TPR motifs (green), and a coiled-coil region (bold line above TPR repeat). The lipolytic enzyme signature sequence (red) is
unique to Rols7.
(C) Schematic representation of the Rols proteins. The various domains are represented in colors as described above.
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Figure 4. Localization of rols7 Protein and
Regulation of Its Expression by Notch
(A–D) Confocal analyses of rP298-lacZ-
expressing embryos stained using anti-Rols7
(green) and anti--galactosidase (red nuclear
stain).
(A and B) At stage 11, Rols7 is present in the
cytosol of muscle progenitors (p; cells with
large nuclei) and founders (f; with smaller nu-
clei, usually seen in pairs), with founders
showing a significantly higher level of ex-
pression.
(C) At early stage 13, Rols7 is present in fusing
myotubes and starts to accumulate at dis-
crete sites along the myotube membrane (ar-
rowheads).
(D) By stage 15, levels of Rols7 decline.
(E and F) RNA in situ hybridization in wt (E)
and N embryos (F) using rols7-specific anti-
sense RNA. Stage 11 embryos show enlarge-
ment of the rols7 expression domain in the N
background.
(G and H) Double labeling of wt (G) and N
embryos (H) with antibodies against Kruppel
(Kr; red nuclear stain) and Rols7 (green) re-
veals an increase in the number of Kr-
expressing founders in N that also express
rols7 protein.
defect, led us to conclude that the fusion defect in rols expression consistently detected in the founders (Fig-
arises from the loss of rols7 function. ures 4A and 4B). Expression persists in myotubes (Fig-
ure 4C), but levels decline as fusion comes to an end
(Figure 4D). In a loss-of-function allele of Notch (N),Expression of rols7 in Founders Allows Myotube
where the fcm take on the founder cell fate and fusionFormation in Mutant Embryos
is abrogated (Corbin et al., 1991), a correspondingTo verify that it is the absence of rols7 that is responsible
expansion of the rols7 domain is observed both at thefor the defective fusion phenotype associated with aber-
RNA and protein levels (compare Figure 4F with 4E andrations at the 68F region, we created a GAL4 driver
Figure 4H with 4G). Rols7 is also present in the pharyn-line, the rP298-GAL4, which allows UAS-controlled gene
geal and visceral mesoderm (data not shown). No stain-expression specifically in muscle progenitors, founders,
ing is observed with this antibody in Df(3L)BK9 embryosand myotubes, thereby mimicking normal rols7 expres-
(data not shown).sion (see Experimental Procedures). When rols7 is thus
At the subcellular level, Rols7 appears to be cyto-expressed in Df(3L)BK9 embryos, myoblast fusion is
plasmic in muscle founders (Figure 4B), whereas it isrestored. All muscles acquire their final size and no un-
seen enriched along the membrane of nascent myo-fused MHC-expressing myoblasts can be detected
tubes in punctate domains (arrowheads in Figure 4C).(compare Figure 1F with 1D and 1E). Analyses of DA1
As the myotube matures, more protein is detected alongmuscles in rescued embryos reveal an average of 17
the membrane with less in the cytoplasm (Figures 5AEve-positive nuclei per muscle at stage 15 (n  87),
and 5B). In fusion mutants such as sns, D-mef2, mbc,a marked increase from an average of two present in
Df(3L)BK9 mutants. Hence, the reintroduction of rols7 and blow (see below), Rols7 is found in the cytoplasm of
function in a manner analogous to its normal expression founders but with time it becomes increasingly enriched
pattern is sufficient to fully rescue the myoblast fusion along the cell membrane of unfused founders. This sug-
defect seen in a rols null allele. gests that during normal development, fusion begins
soon after Rols7 becomes membrane enriched in mus-
cle founders, and this normally transient state is madeRols7 Is Present in Muscle Founders and Localizes
apparent when fusion is stalled as a result of variousat Discrete Sites along the Membrane
mutations.during Fusion
To analyze the distribution of the rols7 protein, we raised
antibodies against a region within its unique N terminus
Rols7 Expression in Fusion Mutants and Itsand studied expression in the rP298-lacZ enhancer trap
Dependence on Duf for Membrane Localizationline. As anticipated from analyses of rols7 RNA, the
We attempted to place rols7 within the hierarchy of otherprotein is coexpressed with -galactosidase in somatic
muscle progenitors and founders, with a higher level of genes essential for myoblast fusion by examining Rols7
Rols Is Essential for Myotube Formation
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Figure 5. Rols7 Membrane Localization Re-
quires Duf
(A–F) Embryos from wt (A and B), sns (C and
D), or duf (E and F) mutants stained with anti-
Rols7 alone ([A, C, and E]; green) or together
with anti-Kr ([B, D, and F]; red nuclear stain).
(A and B) In wt embryos, some Rols7 is seen
to accumulate along the membrane of fusing
myotubes at early stage 13 ([A]; arrowheads),
and by stage 14 (B), Rols7 becomes mainly
membrane associated (dashes outline myo-
tube).
(C) At stage 13, unfused founders in sns em-
bryos express Rols7 in the cytosol and begin
to accumulate the protein at distinct sites
along the membrane (arrowheads).
(D) By stage 14, expression resolves into one
where the cytosolic staining is lost and large
deposits of the protein form at discrete sites
along the periphery.
(E) Unfused founders in stage 13 duf embryos
express cytosolic Rols7, but its accumulation
along the membrane appears perturbed. The
protein accumulates within the cytosol as
bright, rounded speckles.
(F) At stage 14, the speckles have increased
in size to form dense deposits within the cy-
tosol.
(G and H) Ventral muscles from stage 16 em-
bryos overexpressing Rols7 alone (G) or
Rols7 and Duf (H). Embryos were double la-
beled with anti-MHC antibody (red cytosolic
stain) and anti-Rols7 (green). When overexpressed alone, Rols7 is detected as speckles throughout the cytosol of muscles, whereas cooverex-
pression with Duf causes a shift in its localization from the cytosol to the membrane, with localization occurring mainly along muscle-muscle
adhesion sites.
(I) Schematic of the ventral muscles shown in (G) and (H). External muscles, green; intermediate muscles, blue; internal muscles, yellow.
expression in various fusion mutants. In embryos car- somatic muscles. We then examined Rols7 localization
late at stage 16, a time at which the expression of endog-rying a null allele of sns, Rols7 is seen in muscle progeni-
tors and founders at stage 11 just as in wt embryos, enous Rols7 and probably that of Duf is lost in wt mus-
cles (this report and Ruiz-Gomez et al., 2000). Whenand remains detectable in unfused founders until stage
15. In addition, the protein continues to become local- Rols7 is overexpressed alone, the protein appears as
speckles throughout the cytosol of mature muscles (Fig-ized to discrete sites along the founder cell membrane,
with more protein being detected along the membrane ure 5G). Despite its abundance, we could not detect any
membrane patches. In contrast, cooverexpression withand less in the cytoplasm with time (Figures 5C and 5D).
From this, it appears that SNS is not required for the Duf results in Rols7 becoming membrane enriched with
little or no protein remaining in the cytoplasm of musclesinitiation, maintenance, or localization of Rols7. Similar
analyses were performed for null alleles of D-mef2, mbc, (compare Figure 5H with 5G). In addition, higher levels
of Rols7 are found along membranes that come in directblow, and duf. Strikingly, all mutants exhibit Rols7 mem-
brane enrichment in unfused founders with the excep- contact with other muscles (Figure 5H). Muscles such
as VL1, VO4, and VO6 that abut other muscles only ontion of duf (compare Figure 5E with 5C and Figure 5F
with 5D). In duf mutants, Rols7 appears to form speckles one side show significantly higher levels of Rols7 on the
side in contact with its neighbor, whereas muscles suchthroughout the cytoplasm of unfused founders, which
later turn into larger aggregates. as VL2 and VO5, which lie between muscles, show
equally high levels of Rols7 expression on either sideduf is the only other fusion gene that is known to be
restricted in expression to the founders and is absent of the membrane. This and our earlier observation in wt
embryos, where Rols7 accumulates at discrete sitesin the fcm (Ruiz-Gomez et al., 2000). In addition to the
overlap in spatial expression, the temporal expression along the myotube membrane (Figures 4C, 5A, and 5B),
suggest that Duf and Rols7 may be present at special-profiles of rols7 and duf in these tissues appear identical.
These observations, the receptor-like nature of the mol- ized sites along the founder (or myotube) membrane
that contact the fcm (see Discussion).ecule encoded by duf, and the loss of membrane-
enriched Rols7 in the duf mutant led us to test whether
Duf expression is sufficient to promote Rols7 membrane
Rols7 Is Essential for the Membrane Enrichmentlocalization. This was done by overexpressing Rols7
of D-Titin in Founders and Precursorsearly throughout the mesoderm and later in all muscles
The scaffold-like protein D-Titin is expressed in prefu-either by itself or together with Duf using the 24B-GAL4
sion myoblasts, and during fusion, it accumulates alongdriver (Zaffran et al., 1997). Under either of these condi-
tions, no change was observed in the patterning of the the membrane at sites of myoblast-myotube contact
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Figure 6. Rols7 Localizes to Fusion Sites, and This Is Essential for the Enrichment of D-Titin at These Sites
rP298-lacZ embryos stained with anti-D-Titin (red) and either anti--galactosidase (A and B) or anti-Rols7 ([C]; green).
(A) At stage 11, D-Titin is strongly expressed along the periphery of the fcm, whereas peripheral expression in founders is weak.
(B) A stage 14 embryo showing D-Titin accumulation in both the adherent myoblasts and myotube at myoblast-myotube contact sites.
(C) A fusing myotube at stage 14 at a higher magnification. Membrane localization of Rols7 occurs at sites where D-Titin accumulates and
myoblasts adhere (yellow).
Confocal images of D-mef2 (D–G), sns (H–J), and duf (K–M) embryos at stage 14 stained with anti-Rols7 (green) and D-Titin (red), with (F),
(G), (J), and (M) showing superimposed images.
(D–G) In D-mef2 embryos, founders fail to fuse but continue to localize Rols7 along parts of the membrane which coincide with sites of D-Titin
accumulation and where myoblasts make contact.
(G) An enlargement of the founder seen on the right.
(H–J) In sns embryos, Rols7 localization and D-Titin enrichment at the membrane coincide, even in the absence of any contacting myoblasts.
(K–M) In duf embryos, both Rols7 and D-Titin are seen in the cytosol, and no membrane-associated accumulation of either protein is detectable.
(N–R) rP298;Df(3L)BK9 embryos stained with anti-D-Titin (red) and anti--galactosidase (green nuclear stain in founders and precursors).
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(Machado and Andrew, 2000; Zhang et al., 2000). Al- the founders, which carry all the information concerning
muscle identity and thereby seed muscle formation, andthough fusion is initiated in the absence of D-Titin, it
the fcm, which appear “naı¨ve” and contribute to muscledoes not go to completion, and results in the formation
size by fusing with the founders (Baylies et al., 1998).of significantly smaller muscles that show aberrant myo-
As fusion is strictly a polarized event occurring betweentube morphology with many unfused myoblasts. This
a founder (or myotube) and its neighboring fcm, thesuggests that proper myotube formation is achieved
subdivision of myoblasts into two distinct populationsthrough the synchronization of fusion events occurring
is essential for normal muscle development. Rols7 is aat the cell (or myotube) surface and changes in cytoskel-
molecule that is specifically expressed in muscle found-etal architecture that take place within the cytoplasm.
ers. It is not required for founder cell specification orWe tested whether Rols7 might serve to coordinate
myoblast attraction but is essential for the formationthese two processes in the founder (or myotube) by
of myotubes. It functions to coordinate the process oflinking Duf function to D-Titin expression and/or local-
membrane fusion with myotube structural organizationization.
by recruiting D-Titin to fusion sites in response to theIn wt embryos, D-Titin is strongly expressed along the
attractant Duf.periphery of the fcm, whereas its expression around
the founder cell periphery is relatively weak (Figure 6A).
Rols7 Is Present at Fusion Sites and RecruitsUpon fusion, the myotube expresses D-Titin along its
D-Titin in a Duf-Dependent Processperiphery, with enrichment at sites of myoblast-myotube
Myoblast fusion is a complex multistage process (Paulu-contact that coincide with sites where Rols7 appears
lat et al., 1999). While Duf initiates the whole process
to be membrane associated (Figures 6B and 6C). In
by attracting fcm toward founders, it appears to also
D-mef2, sns, duf, and Df(3L)BK9 embryos, D-Titin ex- participate in subsequent steps of the fusion process.
pression in unfused founders is initially weak but in- The latter point is borne out of the observation that
creases with time. However, while the founders in fusion through random contacts between founders and
D-mef2 and sns embryos continue to show peripheral other myoblasts is never seen in the absence of Duf
D-Titin expression and enrichment at discrete sites that (Ruiz-Gomez et al., 2000). While the extracellular Ig do-
colocalize with membrane-associated Rols7 (Figures mains of Duf may serve to facilitate attraction between
6D–6G and 6H–6J, respectively), its localization in duf myoblasts, it is possible that signaling through its rela-
and Df(3L)BK9 founders is different. In duf, D-Titin no tively long intracellular tail might be required to promote
longer shows membrane enrichment and the protein other aspects of fusion. We show that Duf induces Rols7
appears cytosolic (Figures 6K–6M). In Df(3L)BK9 em- to localize along the membrane at sites that come into
bryos, D-Titin can sometimes be seen around the mem- contact with the fcm. In addition, Duf recruits D-Titin to
brane of some precursors without showing enrichment fusion sites through membrane-associated Rols7. Based
(Figures 6P–6R). More often, membrane-associated on the aberrant morphology of myotubes and incom-
D-Titin is not detectable and the protein appears cyto- plete fusion exhibited by D-Titin mutant embryos (Ma-
solic (Figures 6N and 6O). However, by reintroducing chado and Andrew, 2000; Zhang et al., 2000), we pro-
Rols7 into the founders of Df(3L)BK9 embryos using pose that Rols7 plays a critical role during myotube
formation by integrating the Duf-initiated fusion processrP298-GAL4/UAS-rols7, D-Titin is seen to regain periph-
with cytoskeletal reorganization through D-Titin. In snseral localization and becomes clearly enriched at dis-
mutant embryos, the founders show membrane-associ-crete sites along the myotube membrane which colocal-
ated Rols7 that colocalizes with membrane-enrichedize with Rols7 and contact other myoblasts (Figure 6S).
D-Titin, even though the fcm remain rounded and apartSince Rols7 expression and membrane localization re-
from the founders (Figures 6H–6J). It thus appears thatmain unaffected in the D-Titin mutant, Rols7 appears to
neither Rols7 membrane association nor D-Titin enrich-function upstream of D-Titin (data not shown). From
ment requires (possible ligand activation of the Duf re-these results, we conclude that the enrichment of D-Titin
ceptor through) contact between the founders and theat fusion sites within the founder or precursor requires
fcm. This implicates the presence of preformed special-Rols7.
ized sites for fusion along the founder (or myotube)
membrane. These findings are summarized in Figure 7.
Discussion
Rols7 Encodes a Molecule with Several
In Drosophila, patterning of the somatic muscles occurs Distinct Domains
through the progressive subdivision of the mesoderm, The putative protein encoded by the rols7 transcript has
several distinct domains that can potentially participateculminating in the presence of two classes of myoblasts:
(N) Another view of an rP298;Df(3L)BK9 mutant embryo showing fcm clustering around founders and precursors and contacting them (open
arrowheads).
(O) A higher magnification of a section in (N) showing myoblasts contacting a founder/precursor (open arrowheads).
(P and Q; superimposed in R) Some precursors show membrane-associated D-Titin, possibly just acquired through fusion, but no accumulation
is detected.
(S) A rescued Df(3L)BK9 embryo stained with anti-Rols7 (green) and anti-D-Titin (red). Reintroduction of Rols7 restores D-Titin membrane
accumulation at sites where Rols7 also localizes (yellow).
Founders (f), precursors (pc), and myotubes (mt) are indicated by arrows; filled arrowheads show myoblasts; dashes outline founders,
precursors, or myoblasts.
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Figure 7. Schematic Representation of Rols7 Function
In wt embryos, the founder expresses Rols7 (green), which appears mainly cytosolic, and low levels of D-Titin around its periphery (red
dashes). Just prior to fusion, Rols7 begins to localize to discrete sites along the founder membrane and recruits D-Titin. The fcm contact the
founder at these sites and fusion occurs. The myotube exhibits a higher level of peripheral D-Titin as a result of de novo synthesis and/or
acquires it through fusion. In the myotube, Rols7 becomes increasingly membrane associated and continues to recruit D-Titin, leading to
further fusion at these sites. As fusion comes to an end, Rols7 expression is lost and the mature myotube attaches to the epidermis. In fusion
mutants D-mef2 (and sns), founders express and localize Rols7 along the membrane and recruit D-Titin to these sites. In contrast, founders
in the duf mutant fail to localize Rols7 along the membrane, and D-Titin is cytosolic. Similarly, in the absence of rols7, D-Titin enrichment
along the founder or precursor membrane does not occur and the protein is cytosolic.
in protein-protein interactions. At its N terminus, Rols7 Rols7 since founders in the rols mutant either remain
unfused or develop into small precursors, whereas fu-carries a C3HC4 zinc finger, called the RING finger. While
studies on several RING finger-containing proteins such sion is arrested at a later stage in the D-Titin null allele
(Machado and Andrew, 2000; Zhang et al., 2000). Asas Cbl suggest that this domain is essential for E2-
dependent ubiquitin protein ligase activity leading to initial attempts to rescue the rols mutant through the
mesodermal expression of rols6 were unsuccessful, itprotein destruction (Joazeiro et al., 1999), the RING fin-
gers in other proteins have been implicated in different may be that the unique N-terminal region of Rols7 car-
rying the lipolytic enzyme signature sequence (the onlymodes of protein-protein interactions. Of note, the RING
finger in the vertebrate muscle-specific proteins MURFs motifs absent in the predicted Rols6 protein) plays a
distinct and critical function during the process of mem-is essential to establish stable interaction between a
specific MURF and Titin or the cytoskeletal network of brane fusion.
microtubules (Centner et al., 2001; Spencer et al., 2000).
At its C terminus, Rols7 encodes three different protein Myoblast Fusion: Switching from Asymmetry
to Symmetryinteraction motifs: a tandem array of nine ankyrin re-
peats followed closely by three TPR repeats and a The identification of Rols7 as a downstream component
of Duf-initiated signaling suggests that there may becoiled-coiled domain. Based on its overall structure, it
is plausible that Rols7 could act as a focal point for the other differentially distributed molecules that transmit
signals through SNS. However, at some point, this polar-assembly of a multiprotein complex at the membrane
where the Duf receptor is located, bringing the fusion ized distribution of signaling molecules, which is essen-
tial to establish directionality in the fusion process, ap-machinery and directing changes in the cytoskeleton to
sites where fusion would take place. In support of this, pears to be followed up at later stages by similar events
that occur in both types of myoblasts (Doberstein et al.,our work shows that Rols7 is required for the enrichment
of D-Titin to fusion sites in founders (or myotubes). How- 1997; Erickson et al., 1997; Lilly et al., 1995; Bour et
al., 1995). Such is also the case with D-Titin, which isever, this appears to be only one of the roles served by
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dependent on Rols7 for its enrichment at fusion sites As secondary myoblasts are not confined to the innerva-
tion points of primary myotubes but appear to be evenlywithin the founder (or myotube) but also accumulates
within the fcm at sites of myoblast-myotube contact distributed throughout its length (Duxson et al., 1989), it
would not be surprising if secondary myotubes activelythrough as yet unknown mechanisms (see Figures 6B
and 6C). recruit myoblasts to the endplate region for fusion
through expression of attractants, analogous to the
function served by Duf in Drosophila. In addition, since
Fusion and Limitations to Muscle Size growth of the secondary myotube occurs in the same
The introduction of Rols7 using the rP298-GAL4 driver orientation as its template primary myotube, fusion dur-
generates wt muscles in the rols mutant embryo, show- ing secondary myotube formation must be tightly coor-
ing clearly that Rols7 is sufficient to fully restore fusion dinated with reorganization of the cytoskeleton. Indeed,
in this mutant background. However, its expression in like D-Titin, the vertebrate ortholog Titin is present in
all myoblasts using the 24B-GAL4 driver shows that myocytes prior to fusion and can be detected near the
Rols7 is by itself not sufficient to induce ectopic fusion, myocyte cell membrane (Colley et al., 1990). Its early
even when coexpressed with Duf (Figures 5G and 5H). expression leads one to question whether Titin, like
As myoblast fusion is a complex multistep process that D-Titin, may also play an earlier role in organizing the
requires coordinated events to occur in both fusing part- cytoskeleton within the syncytium as it increases in size
ners, it is unlikely that expression of any one or even a and orientates itself. By unraveling the mechanisms that
few of the molecules involved in this process will be control the size and spatial organization of muscles in
sufficient to trigger ectopic membrane fusion. In this Drosophila, it may be possible to draw parallels with
respect, the regulation of myoblast fusion appears to vertebrate myogenesis not only at a conceptual level
differ markedly from other types of cell surface fusion but also at the molecular level.
such as virus-cell or egg-sperm fusion, where conforma-
tional changes in a receptor-like molecule leading to the Experimental Procedures
exposure of a fusion peptide sequence seems sufficient
Drosophila Strainsto induce fusion between closely apposed membranes
The following strains were used: Canton-S, Df(3L)BK9, Pj2A6,(White, 1992). The additional levels of control in myo-
P1729, and P1747, 23Sb/TM3Ser (all from the Flybase Consor-blast fusion may reflect the more complex nature of this
tium, http://flybase.bio.indiana.edu/stocks/), 24B-GAL4 (Zaffran et
fusion process since here fusion would be tightly linked al., 1997), rP298-lacZ (Nose et al., 1998), P2041 (Deak et al., 1997),
to muscle size (which varies from muscle to muscle), N55e11 (Lehmann et al., 1983), D-mef222-21 (Bour et al., 1995), duf defi-
ciency Df(1)w67k30 and UAS-Duf transgenic flies (Ruiz-Gomez et al.,whereas in the other systems, it involves a round of
2000), D-TitinC872 (Zhang et al., 2000), snsZF1.4 (Bour et al., 2000),fusion between two entities.
mbcD11.2 (Erickson et al., 1997), and P1729ex18, where 2 kb from
either side of the P1729 insertion is deleted.
Myoblast Fusion: From Flies to Vertebrates
cDNA Library ScreeningIn vertebrates, the primary myotubes become scaffolds
The embryonic libraries covering developmental stages 4–8 andfor the development of secondary myotubes. By main-
3–12 hr were used (Brown and Kafatos, 1988; Poole et al., 1985).
taining a close physical link with the template primary RACE products for rols were obtained using RLM-RACE (Ambion)
myotube, a secondary myotube acquires the orientation and transcript-specific 5 primers. Sequencing was done at the
IMCB. Predicted protein sequences were analyzed using SMARTof its respective template primary myotube, and may
and ExPASy ScanProsite.be influenced to express specific muscle fiber types
(Duxson and Usson, 1989). Hence, like the muscle
Germline Transformation and GAL4/UAS Expressionfounders in Drosophila which prefigure embryonic mus-
of Rols and Duf
cle patterning, the primary myotubes in the vertebrate Rols and Duf were expressed using GAL4/UAS (Brand and Perrimon,
prefigure muscle development by controlling secondary 1993). UAS-rols transgenes were made by inserting rols7 or rols6
into the pUAST vector and flies were generated as describedmyotube characteristics. The critical role played by the
(Spradling, 1986). Experiments were done using three independentfounder or the primary myotube as organizing centers
insertions for each transgene.necessitates that they themselves be tightly regulated.
The rP298-GAL4 driver was made by replacing the P elementIndeed, in Drosophila, muscle number is controlled by
P[lacZ, ry] in rP298-lacZ with P element P[wmW.hs]GAL4 through
limiting the number of founders. In vertebrates, an invari- targeted transposition (Sepp and Auld, 1999). The rP298-GAL4-
ant number of primary myotubes of defined size form induced expression in the embryo (line #103) was similar to that of
the rP298-lacZ reporter (Nose et al., 1998) or duf (Ruiz-Gomez etat specific locations (Ross et al., 1987). It is presently
al., 2000).not known whether limitations to their size are imposed
Rescue experiments were done using one copy each of the rP298-through the expression of fusion genes in a manner
GAL4 driver and UAS-rols. For the ectopic expression of Rols withanalogous to that described in Drosophila.
Duf, flies homozygous for both 24B-GAL4 and UAS-rols were
The innervation-dependent nature of fusion during crossed to flies homozygous for UAS-Duf to generate embryos car-
secondary myogenesis suggests that an endplate- rying a single copy each of the driver- and UAS-controlled genes.
For ectopic expression of Rols alone, embryos carrying one copyderived factor may directly or indirectly confer limited
each of the 24B-GAL4 driver and UAS-rols were analyzed.fusion competence to the secondary myoblasts that lie
at the endplate, thereby generating binucleated syncy-
Preparation of Rols7 Antibodies and Immunostainingtia. Subsequently, increase in muscle size occurs strictly
Polyclonal mouse antiserum was prepared against an N-terminal
through fusion between the binucleated syncytium and histidine-tagged fusion protein of Rols7 spanning the amino acids
other myoblasts, much like the polarized fusion that 31–146, which is absent in Rols6.
Immunostains were done as described (Carmena et al., 1998).occurs between the founders and the fcm in Drosophila.
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The following primary antibodies were used: mouse anti-MHC (Kie- (1997). Genetic analysis of myoblast fusion: blown fuse is required
for progression beyond the prefusion complex. J. Cell Biol. 136,hart and Feghali, 1986), rabbit anti-MHC (a gift from D. Kiehart),
anti--galactosidase (Cappel), anti-Eve (Frasch et al., 1987), anti-Kr 1249–1261.
(a gift from Helen Skaer), and anti-D-Titin (-KZ) antibody (Machado Duxson, M.J., and Usson, Y. (1989). Cellular insertion of primary and
et al., 1998). secondary myotubes in embryonic rat muscles. Development 107,
243–251.
RNA In Situ Hybridization Duxson, M.J., Usson, Y., and Harris, A.J. (1989). The origin of sec-
rols transcripts were detected using digoxigenin-labeled antisense ondary myotubes in mammalian skeletal muscles: ultrastructural
with sequences spanning each unique N-terminal or the common studies. Development 107, 743–750.
C-terminal as a template for probe synthesis (http://www.fruitfly.org/
Erickson, M.R., Galletta, B.J., and Abmayr, S.M. (1997). Drosophilaabout/methods/cytogenetics.html).
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A paper describing rols by Rau et al. is in press: Rau, A., Buttgereit,
D., Holz, A., Fetter, R., Doberstein, S.K., Paululat, A., Staudt, N.,
Skeath, J., Michelson, A.M., and Renkawitz-Pohl, R. (2001). rolling
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